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Abstract. The effect of nano-TiN dispersion strengthened Ti-6Al-4V via spark plasma sintering 
method has been investigated. Ti-6Al-4V with 4 vol. percent of nano-TiN were mixed in a 
Turbula shaker mixer for 8 h at a speed of 49 rpm and the admixed powders were sintered at 
sintering temperature range of 1000 - 1100 oC, holding time of 10-30 mins, heating rate of 100 
oC/min under an applied pressure of 50 MPa. The morphology of the as-received and sintered 
compacts was examined by scanning electron microscopy (SEM) equipped with energy 
dispersive X-ray spectroscopy (EDS) and phase analysis was done by X-ray diffractometry 
(XRD). The sintered compacts without nano-TiN reveal lamellar structure while reinforced Ti-
6Al-4V with nano-TiN shows a bimodal structure and titanium nitride has a great influence on 
α grain growth at high temperature. Furthermore, the microstructural formation mechanism was 
investigated. With the addition of the content of Ti-6Al-4V with 4 vol.% of nano-TiN, the micro-
hardness also improved and this was due to homogenous distribution of TiN in Ti-6Al-4V 
matrix.  
1. Introduction 
Powder metallurgy (PM) has gained attention over the conventional methods for the fabrication of 
composites reinforced with particles by applying new powder metallurgy processes such as using spark 
plasma sintering (SPS) [1-3]. The advantageous of powder metallurgy which includes better control on 
the microstructure, uniform dispersion of reinforced particle (second) in the sintered composite [3, 4]. 
The powder metallurgy technique has been proven for the production titanium alloys and their 
composites [5]. Furthermore, spark plasma sintering (SPS) method has been developed as a newly 
versatile technique to rapidly fabricate a number of materials including metals, composites and ceramics. 
[6-8]. Compared with other conventional methods of processing titanium alloys and composites, which 
takes longer time, required higher temperature and higher density is produced [9, 10]. However, longer 
time of sintering could cause grain growth, which is detrimental to the properties and microstructure of 
the composite material [11, 12]. Recent development in technology allows materials to be sintered with 
a reduction in time, temperature with the positive impact on the economic aspect of the fabrication of 
composite. 
Titanium and its alloys are widely used due to their specific properties they possess like hardness, high 
specific strength and high corrosion resistance for various applications [13, 14]. Furthermore, Ti-6Al-
4V remains the most widely used in various applications due to its extreme combination of mechanical 
 
 
 
 
 
 
properties as well corrosion resistance Among the various titanium alloys, Ti-6Al-4V alloy is still the 
most commonly used one due to its favourable combination of mechanical properties and corrosion 
resistance [15]. Reinforcing titanium alloys with hard precipitates in sintered matrix composites such as 
titanium nitride helps with the improvement of corrosion and wear resistance of the materials. The aim 
of this research is to investigate the effect of reinforcement in the sintered materials in terms of increase 
in strength and hardness of titanium materials by developing a novel titanium matrix composite and 
dispersion-strengthened titanium material.  
2. Experimental procedure 
The materials used in the present composite production are a commercially pure Ti-6Al-4V powder 
(99.9%, 25 µm by TLS-Technik, Germany) and TiN (97%, 20 nm supplied by Nanostructured & 
Amorphous Material Inc., Texas, USA) were used as reinforcement phase. A composite mixture of Ti-
6Al-4V was added to TiN while, turbula mixer was used to blend the powders according to varying 
ratios of 4 vol.% TiN for 8 h at a speed of 49 rpm so as to achieve a homogeneous mixture of titanium 
matrix composite. The mixed powders were sintered using a spark plasma sintering equipment (HHPD-
25 FCT type SPS, Germany), the mixed powders were fed into a graphite die mould and then pressed 
with a pressure of 10 MPa. The die with an internal diameter of 30 mm and thickness of 5 mm was put 
into the SPS chamber machine. The sintering temperature range of 1000 - 1100 oC for 10 and 30 min, 
while the heating rate was 100 oC/min, and the applied pressure of 50 MPa used from the start to the 
end of the sintering operation. Sintered titanium composites produced were then characterized by XRD 
and SEM analyses.  
The sintered density of the samples was carried out by Archimedes principle using an electronic balance 
with an accuracy of ±0.001 g. The micrograph of the synthesized composites was evaluated using field 
emission scanning electronic microscope (JEOL JSM-7600F) equipped with energy dispersive X-ray 
spectroscopy (EDS) at an accelerating voltage of 15 kV. An X-ray diffraction (PW1710 Philips 
diffractometer, with monochromatic Cu K radiation at 40 kV and 20 mA) was performed to identify the 
presence of the constituent phases of the sintered composites using an highscore X’Pert Software. Prior 
to observation, the surface of the sample was prepared by silicon carbide with the grit size of 320 and 
then polished with diamond paste to 0.2 µm. Kroll’s reagent was used as an etching solution for 10–30 
s in accordance with ASTM E3-11 ASTM standard [16] in order to reveal the grain boundaries of the 
sintered composites. 
The hardness and fracture surface of the sintered composites were carried out in order to determine the 
level of mechanical properties.  The micro indentation test was done by using a Vickers micro hardness 
tester (FALCON 500 series) at room temperature upon a polished surface at a load of 100 gf (0.98 N) 
and dwell time of 15 secs, while the fracture surfaces were observed by using a SEM to check the 
morphology. 
3. Results and discussion 
Figure 1a. present SEM micrograph of Ti-6Al-4V while Figure 1b demonstrates SEM morphology of 
admixed Ti–6Al–4V and TiN powders subjected to intensive, periodically pulsating motions (rotation, 
translation and inversion) [17]. It could be seen that TiN diffuses into Ti–6Al–4V. Turbula mixing of 
Ti–6Al–4V with nano-sized titanium nitride powder resulted in even dispersion within the titanium alloy 
powder. The effectiveness of mixing process is usually described by the homogeneity of the mixed 
powder [9].  
 
 
 
 
 
 
   
Figure 1. (a) SEM morphology of Ti–6Al–4V powder and (b) SEM morphology of Turbula mixed 
powders. 
Figure 2 present the effect of sintering temperature and holding time on the displacement of punches 
during sintering and this demonstrates the deformation of the samples at an applied pressure of 50 MPa. 
Firstly, a sintering temperature of 250 – 300 oC was maintained constantly for 240 to 420 s. Thereafter, 
it was increased to 1000 oC and 1100 oC respectively and maintained for 600 to 900 s. At the initial 
stage, the displacement increases from 0.3 to 0.5 mm under the effect of applied pressure exacted on it, 
although the initial temperature was too low to have an effect on the material. The displacement 
observed was as a result of cold compaction of the powder. Displacement begins to increase as a result 
of rising in temperature thereby causing rearrangement of the particles. The effect of pressure becomes 
stronger which causes the escape of trapped air from the green compact. The densities of samples 
sintered at 1000 – 1100 oC for 10 and 30 mins respectively resulted in the theoretical density of 97–99% 
upon the addition of titanium nitride. The increase in densification with increase in temperature can 
further lead to the grain growth which therefore leads to gradual closure of pores in the material [18]. 
 
 
Figure 2. (a) Relative displacement with time and (b) Sintering temperature with time of SPS process.  
The hardness value of all the composites was higher irrespective of the sintering temperature and time 
than Ti–6Al–4V alloy, which indicates that the addition of titanium nitride into titanium alloy really 
enhanced the hardness of the sintered composites from 389 to 531 HV0.1. The microstructure 
contribution to the observed increase in hardness was as a result of the uniform distribution of TiN 
particles and Ti2N hard phases in Ti–6Al–4V matrix. The increase in microhardness with increasing 
temperature and time may be attributed to decrease in porosity and increases in sintered density. Also, 
the increase can be explained by the increase in α volume fraction with hardness phase and presence of 
nitrogen in solid solution. 
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Figure 3 shows SEM microstructure of Ti–6Al–4V with an equiaxed structure with intergranular β 
and evidence of prior β grain boundaries, while figure 4 shows Ti–6Al–4V reinforced with 2 and 4 
vol.% content of titanium nitride. The presence of TiN shows a relatively refined homogeneous 
distribution in the composite matrix which was located at the grain boundaries. Moreover, the α-
nucleation sites show an increase when TiN particles were incorporated which further acted as a point 
of nucleation for the primary α-phase. Also obstructions which forestall those lamellae growth 
development in the microstructural transform. The introduction of nano-sized TiN in the titanium matrix 
is suggested to be responsible for the enhancement of Ti–6Al–4V alloy transforming to bimodal-
structure. The composite were nearly free from porosity. 
 
            
Figure 3. SEM micrograph of sintered Ti-6Al-4V at different magnifications. 
   
    
Figure 4. SEM images of Ti-6Al-4V with TiN: (a-b) 2 vol% TiN and (c-d) 4 vol% TiN. 
Figure 5 reveals fracture morphology of the sintered Ti-6Al-4V with cleavage feature and dimples.  Ti-
6Al-4V reinforced with 4 vol.% TiN shows a transgranular pattern with fine dimples features and TiN 
grains thereby causing cleavage facets with a river pattern. This fracture mode remains a complex one. 
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These features may be as a result of TiN addition and which may improve the fracture hardness of the 
sintered composites.  
 
         
Figure 5. SEM fractographs of sintered (a) Ti-6Al-4V and (b) Titanium matrix composite with 4 
vol.% TiN addition. 
4. Conclusion 
The sintering temperature and time have a critical impact on densification, microstructure, hardness and 
fracture surface of the sintered titanium matrix composites. Conclusions are as follows: 
1.  For these materials, the relative density was between 97.53 – 99.89%. Sintering at higher 
temperatures and time tends to promote the formation and growth of new phases in the sintered matrix 
composites and microstructural transformation from lamellae to bi-modal structures. 
2.  The microhardness of the sintered composites significantly increases from 389 HV and upon 
addition of 4 % volume fraction of TiN in the matrix increases to 531 HV0.1. 
3.  An intergranular was revealed with Ti–6Al–4V which further transform within the titanium 
matrix composite to transgranular with fine dimples features. 
Acknowledgement 
The authors would like to acknowledge the Global and Excellence stature (GES), University of 
Johannesburg, South Africa and KIC-National Research Foundation for funding Oluwasegun Falodun. 
5. References 
[1] Ye LL, Liu ZG, Raviprasad K, Quan MX, Umemoto M, Hu ZQ. Consolidation of MA amorphous 
 NiTi powders by spark plasma sintering. Materials Science and Engineering A. 
 1998;241:290-3. 
[2] Tongsri R, Asavavisithchai S, Mateepithukdharm C, Piyarattanatrai T, Wangyao P. Effect of 
 powder mixture conditions on mechanical properties of sintered Al2O3-SS 316L composites 
 under vacuum atmosphere. Journal of Metals, Materials and Minerals. 2007;17:81-5. 
[3] Rahimian M, Ehsani N, Parvin N, reza Baharvandi H. The effect of particle size, sintering 
 temperature and sintering time on the properties of Al–Al 2 O 3 composites, made by 
 powder metallurgy. Journal of Materials Processing Technology. 2009;209:5387-93. 
[4] Li B, Liu Y, Li J, Cao H, He L. Effect of sintering process on the microstructures and properties of 
 in situ TiB 2–TiC reinforced steel matrix composites produced by spark plasma sintering. 
 Journal of Materials Processing Technology. 2010;210:91-5. 
[5] Wang L, Lang Z-b, Shi H-p. Properties and forming process of prealloyed powder metallurgy Ti-
 6Al-4V alloy. Transactions of Nonferrous Metals Society of China. 2007;17:s639-s43. 
[6] Zhang Y, Zhang J. Rapid reactive synthesis and sintering of textured Ca 3 Co 4 O 9 ceramics by 
 spark plasma sintering. journal of materials processing technology. 2008;208:70-4. 
 
 
 
 
 
 
[7] Feng K, Yang Y, Hong M, Wu J, Lan S. Intensified sintering of iron powders under the action of 
 an electric field: Effect of technologic parameter on sintering densification. Journal of 
 Materials Processing Technology. 2008;208:264-9. 
[8] Feng H, Zhou Y, Jia D, Meng Q. Rapid synthesis of Ti alloy with B addition by spark plasma 
 sintering. Materials Science and Engineering: A. 2005;390:344-9. 
[9] Tang C, Wong C, Zhang L, Choy M, Chow T, Chan K, et al. In situ formation of Ti alloy/TiC 
 porous composites by rapid microwave sintering of Ti6Al4V/MWCNTs powder. Journal of 
 Alloys and Compounds. 2013;557:67-72. 
[10] Chaudhari R, Bauri R. Microstructure and Mechanical Properties of Titanium Processed by Spark 
 Plasma Sintering (SPS). Metallography, Microstructure, and Analysis. 2014;3:30-5. 
[11] Yang F, Kong F, Chen Y, Xiao S. Effect of spark plasma sintering temperature on the 
 microstructure and mechanical properties of a Ti 2 AlC/TiAl composite. Journal of Alloys 
 and Compounds. 2010;496:462-6. 
[12] Chen Y, Yu H, Zhang D, Chai L. Effect of spark plasma sintering temperature on microstructure 
 and mechanical properties of an ultrafine grained TiAl intermetallic alloy. Materials Science 
 and Engineering: A. 2009;525:166-73. 
[13] Garbiec D, Siwak P, Mróz A. Effect of compaction pressure and heating rate on microstructure 
 and mechanical properties of spark plasma sintered Ti6Al4V alloy. Archives of Civil and 
 Mechanical Engineering. 2016;16:702-7. 
[14] Koo MY, Park JS, Park MK, Kim KT, Hong SH. Effect of aspect ratios of in situ formed TiB 
 whiskers on the mechanical properties of TiB w/Ti–6Al–4V composites. Scripta materialia. 
 2012;66:487-90. 
[15] Wang X, Ma X, Nie Q, Wang M. Effects of Y addition on microstructure and mechanical 
 properties of TiC/Ti6Al4V composites. Intermetallics. 2012;31:242-8. 
[16] Standard A. E384-11E1,―Standard test method for Knoop and Vickers hardness of materials,ǁ in 
 ASTM International. West Conshohocken, PA. 2007. 
[17] Obadele BA, Masuku ZH, Olubambi PA. Turbula mixing characteristics of carbide powders and 
 its influence on laser processing of stainless steel composite coatings. Powder Technology. 
 2012;230:169-82. 
[18] Gülsoy H, Özbey S, Pazarlioglu S, Çiftci M, Akyurt H. Sintering and Mechanical Properties of 
 Titanium Composites Reinforced Nano Sized Al2O3 Particles 2015. 
 
